[1] Measurements from several different satellite instruments are used to estimate effects of energetic particle precipitation (EPP) on NO x (NO + NO 2 ) in the Southern Hemisphere stratosphere from 1992 to 2005. The focus is the EPP Indirect Effect (IE), whereby NO x produced in the mesosphere or thermosphere via EPP (EPP-NO x ) descends to the stratosphere during the polar winter, where it can participate in catalytic ozone destruction. EPP-NO x entering the stratosphere is found to vary in magnitude from 0.1 to 2.6 gigamoles per year, with maximum values occurring in 1994 and 2003. The interannual variation correlates strongly with several measures of EPP activity, including auroral and medium energy electron hemispheric power, and satellite measurements of thermospheric NO. This represents the first estimation of EPP-NO x contributions to the stratospheric odd nitrogen budget using observations over an entire solar cycle. The results will be useful for evaluating and constraining global models to investigate coupling of the upper and lower atmosphere by the EPP IE, including any influences this might have on ozone trends and possibly on climate.
Introduction
[2] Energetic particle precipitation (EPP) has long been known to cause increases in NO x (NO + NO 2 ) in the high latitude mesosphere and thermosphere via a cascade of dissociation, ionization, and recombination processes [e.g., Thorne, 1980; Rusch et al., 1981] . In the sunlit middle mesosphere and above, NO x has a lifetime of days or less. In the lower mesosphere, however, and during the polar winter throughout the mesosphere and into the thermosphere, lifetimes are long enough that there is sufficient time for the NO x to descend to the stratosphere where it can participate in catalytic processes controlling ozone. This mechanism for coupling the upper and lower atmosphere, referred to here as the EPP Indirect Effect (IE), was examined more than two decades ago using a two-dimensional model [Solomon et al., 1982] , and observational evidence for its occurrence has been prevalent [e.g., Callis et al., 1996 Callis et al., , 1998a Callis et al., , 1998b Jackman et al., 1980 Jackman et al., , 1995 Jackman et al., , 2001 Randall et al., 1998 Randall et al., , 2001 Rinsland et al., 1996; Russell et al., 1984; Siskind et al., 1997 Siskind et al., , 2000 . The EPP IE can be contrasted with the EPP direct effect, whereby NO x is produced in situ in the stratosphere [e.g., Jackman et al., 2005a; Rohen et al., 2005] ; this requires very high energy particles and thus happens more rarely. The goal of this paper is to investigate interannual variability in EPP effects on the Southern Hemisphere (SH) stratosphere using satellite observations dating back to 1992, focusing on the EPP IE.
[3] Callis et al. [1998a Callis et al. [ , 1998b noted that EPP occurs throughout the solar cycle, providing a continuous but fluctuating source of NO x to the lower thermosphere and mesosphere that could, through the EPP IE, significantly impact both odd nitrogen (NO y , composed of N, NO, NO 2 , NO 3 , HNO 3 , ClONO 2 , BrONO 2 , N 2 O 5 , and HO 2 NO 2 ) and ozone (O 3 ) in the stratosphere. Two-dimensional model results of Callis et al. [1998b] suggested that variations in stratospheric NO 2 measured by the Stratospheric Aerosol and Gas Experiment (SAGE) II from 1985 to 1987 were due to variations in EPP effects, and that the EPP IE causes changes in stratospheric O 3 that are of the same magnitude as variations caused by solar UV flux variations. Randall et al. [1998 Randall et al. [ , 2001 presented evidence from the Polar Ozone and Aerosol Measurement (POAM) II and III instruments for stratospheric O 3 reductions caused by the EPP IE, showing depletions of 40 -45% in middle stratospheric O 3 mixing ratios. Siskind et al. [2000] , hereafter referred to as S00, concluded that Halogen Occultation Experiment (HALOE) data from 1991 to 1996 suggested that up to half of the NO x in the midstratospheric polar vortex could be due to EPP.
[4] The EPP IE gained considerable attention after the extraordinary period of solar activity in October-December 2003 [Gopalswamy et al., 2005 (and other papers in this GRL special section); Woods et al., 2004] . EPP at this time led to increases in odd nitrogen and odd hydrogen from the thermosphere to the upper stratosphere [Degenstein et al., 2005; Jackman et al., 2005a; López-Puertas et al., 2005a Orsolini et al., 2005; Rohen et al., 2005; Seppälä et al., 2004; Verronen et al., 2005; von Clarmann et al., 2005] . The period of intense solar activity was followed by an unusual winter in the Northern Hemisphere (NH) in which the upper stratospheric vortex was the strongest on record during February and March . The combination of late fall/winter EPP and a stable upper stratospheric vortex led to unprecedented enhancements in stratospheric NO y , and substantial reductions in O 3 , during the NH late winter/spring of 2004 [Jackman et al., 2005a; Natarajan et al., 2004; Randall et al., 2005a; Rinsland et al., 2005] . Whether the 2004 springtime enhancements originated via EPP during the highest periods of solar activity in 2003, or during later times of more nominal activity, could not be verified with the available data.
[5] Scientific attention is now focused on the extent to which the EPP IE contributes to long-term variations in stratospheric NO x and thus O 3 (a recent controversy is discussed by Callis et al. [2002] and Siskind [2002] ), and any potential consequences for climate. Langematz et al. [2005] studied the effects of solar-varying relativistic electron precipitation (REP) using the Freie Universitat Berlin Climate Middle Atmosphere Model with interactive chemistry (FUB-CMAM-CHEM). They found that imposing a proxy REP NO x source in the polar region from 73 to 84 km that was four times higher at solar min than solar max (based on Callis et al. [1991] ) led to changes of 40 -50% in NO x throughout the polar stratosphere and changes of 30-40% in the lower equatorial stratosphere. Sinnhuber et al. [2005] showed that differences between high latitude ozonesonde measurements and calculations of a threedimensional chemical transport model that lacks EPP correlate with precipitating energetic electron flux. They conclude that this correlation is evidence for a large-scale influence of EPP on stratospheric O 3 .
[6] Rozanov et al.
[2005, hereafter referred to as Rz05] simulated the EPP IE during 1987, a year with relatively low geomagnetic activity, with the U. Illinois/UrbanaChampaign chemistry climate model. They found that EPP caused NO x enhancements that led to O 3 reductions and cooling throughout most of the stratosphere. Effects were most pronounced over high latitudes, leading to an intensification of the polar vortices and small perturbations to the surface air temperature. They concluded that the magnitude of the atmospheric response to the EPP IE could exceed the effects from varying solar UV flux.
[7] That the EPP IE might perturb the stratosphere and possibly affect climate even under conditions of low or moderate geomagnetic activity is a provocative conclusion that warrants further examination. Randall et al. [2006] showed that a strong Arctic polar vortex in February 2006 led to large amounts of NO x descending to the stratosphere even though particle activity in the preceding months was low. In this paper, we examine satellite measurements dating back to 1992 for evidence of EPP-induced perturbations of stratospheric composition in the SH in order to deduce the level at which such perturbations occur over a solar cycle. Using data from POAM II and HALOE, Randall et al. [1998] and S00 showed that SH polar stratospheric NO x enhancements from 1991 to 1996 correlated with the Ap index, a reasonable proxy for low-energy EPP. Here we update analyses of POAM and HALOE data through 2005, supplemented with data from the Improved Limb Atmospheric Spectrometer (ILAS-II) and Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS, hereinafter referred to as ACE). Section 2 of this paper describes how the EPP IE is manifested in the satellite data sets. EPP IE interannual variations are quantified in section 3 by calculating the amount of NO x produced via EPP that descends to 45 km. Section 4 discusses the validity of our calculations and the correlation between the inferred EPP IE and particle activity, and compares stratospheric NO x enhancements from the EPP IE to other sources of stratospheric NO y . This is followed by a summary in section 5.
Observations of the EPP IE

HALOE NO x Versus CH 4
[8] One of the conventional indicators for whether observed stratospheric NO x enhancements originate from EPPinduced NO x production in the upper atmosphere is an anticorrelation between NO x and the dynamical tracer methane (CH 4 ). Polar winter NO x mixing ratios generally decrease with altitude in the upper stratosphere and mesosphere (because there is no source other than EPP), as do CH 4 mixing ratios, so typically low NO x is correlated with low CH 4 . When air that has experienced NO x production due to EPP descends into the stratosphere, however, high NO x correlates with low CH 4 [e.g., Siskind and Russell, 1996] .
[9] Figure 1 shows the HALOE version 19 CH 4 versus NO x correlation for all measurements poleward of 40°S during the months of May through September, at an altitude of 45 km in the upper stratosphere. HALOE was launched in mid-1991 [Russell et al., 1993] , so SH wintertime data are available from 1992 through 2005. An earlier version of the HALOE NO x data was validated by Gordley et al. [1996] , and more recent comparisons with version 19 have shown good agreement with correlative measurements [e.g., McHugh et al., 2005; Randall et al., 1998 Randall et al., , 2002 . Park et al. [1996] validated HALOE CH 4 measurements, estimating total systematic and random errors at less than 15%. Latitudes of the HALOE measurements included in Figure 1 are shown in Figure 2 . Because HALOE is a solar occultation instrument in a 57°inclination orbit, it samples only a narrow range of latitudes in each hemisphere ($1-4°) on each day. Its measurement latitudes vary quickly in time, with maximum latitude coverage requiring about a month. Because of the requirement for sunlight, measurement latitudes extend only to about 50-60°in the winter hemisphere. Thus the HALOE data shown in Figure 1 exclude a large part of the region encompassed by the wintertime stratospheric polar vortex.
[10] The SH scatterplot in Figure 1 for 1996 can be interpreted as a baseline since EPP effects were minimal that season [Randall et al., 1998 ; S00], with a linear variation showing decreasing NO x with decreasing CH 4 . At some level, evidence for EPP-induced NO x enhancements is apparent in every other year, as indicated by the deviations from linearity at low values of CH 4 . Assuming that in the absence of EPP, NO x would decrease with decreasing CH 4 , we label the high NO x corresponding to low CH 4 as ''EPP-NO x .'' Although not shown in Figure 1 , the EPP-NO x corresponds primarily to measurements made at the poleward edge of the latitude region sampled by HALOE. This is expected, since NO x created in the upper atmosphere must remain confined to the polar region to avoid dissociation as it descends to the stratosphere. Also, the lowest CH 4 mixing ratios are associated with air that has descended inside the polar vortex. Indeed, a figure analogous to Figure 1 but containing all SH latitudes appears very similar (not shown), since the lower latitude data mainly just fill in the baseline scatterplot at higher CH 4 mixing ratios.
[11] Qualitatively, the EPP IE as inferred from Figure 1 is largest in years 1993 -1995, 2000, 2003, and 2005 , and is most prominent during the months of June-August. Peak NO x mixing ratios in 1994 and 2003 are around 30 ppbv in the HALOE data with CH 4 mixing ratios less than 0.2 ppmv. This compares to an expectation, based on the nominal NO x /CH 4 relationship, of only 5 -10 ppbv of NO x . If these results are extrapolated to the entire polar region, they suggest that at least in some years, EPP can increase SH polar NO x at 45 km by factors of 3 -6. Similar results are obtained closer to the stratopause, at 50 km, but the enhancements are about 25% larger. We present results for 45 km because it is more likely that NO x reaching this altitude will have long-lasting effects on stratospheric ozone. Interannual variations in the SH HALOE data are quantified in more detail in section 3. For reference, note that the extraordinary peak values of NO x measured by HALOE in the NH during April 2004 were around 70 ppbv [Natarajan et al., 2004] .
Polar Winter NO x Evolution From ACE and POAM
[12] Because of its latitude excursions, the HALOE data only provide a sporadic, snapshot view of the polar region. To understand more completely the seasonal evolution of the EPP IE that leads to the CH 4 /NO x correlations seen in Figure 1 , measurements from instruments that sample the polar regions more often are required. The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) makes global measurements of many atmospheric constituents on a daily basis. Funke et al. [2005] (hereinafter referred to as F05) showed the progression of MIPAS NO x mixing ratios at high southern latitudes in the stratosphere and lower mesosphere during the 2003 SH winter, clearly indicating descent of EPP-NO x in the polar vortex that winter. They concluded that the source of the EPP-NO x was precipitating electrons with energy less than 30 keV from either the outer trapping region or from auroral events. [13] Here we show measurements from two solar occultation instruments that have continuous or nearly continuous polar coverage, ACE and POAM. Measurement latitudes of these instruments are shown in Figure 3 . The ACE instrument was launched on 12 August 2003 into an orbit with a 74°inclination. It thus reaches the polar region for extended periods of time during the SH winter, although gaps in high latitude coverage occur in June and October. POAM in this context refers to both the POAM II and POAM III instruments, operating from October 1993 to November 1996 and March 1998 to December 2005, respectively. The POAM instruments were in identical polar orbits, with annually repeating measurements that remained at high latitudes throughout the year, as shown in Figure 3 . A third solar occultation instrument with measurement latitudes nearly identical to those of POAM, ILAS-II, operated during 2003 [Nakajima et al., 2006] . NO 2 exhibits significant diurnal variations in the middle stratosphere, with smaller mixing ratios at sunrise (SR) than at sunset (SS). Thus Figure 3 also denotes whether the ACE and POAM measurements occurred at local SR or local SS.
[14] Preliminary evaluation of the ACE NO x data in the middle and upper stratosphere reveals agreement with HALOE to better than 20% [McHugh et al., 2005] . We use ACE version 2.2 data here. Both ILAS-II and POAM retrievals include NO 2 , but not NO. POAM II data used here are version 6.0, and POAM III are version 4.0; both have been shown to agree well with correlative measurements [Randall et al., 1998 . On the basis of the comparisons with HALOE data, the POAM II NO 2 measurements are biased low by about 5 -10% compared with POAM III; correction for this bias has been applied to the POAM II data. ILAS-II NO 2 data used here correspond to version 2.0; these data have not yet been validated, but the results shown below are in qualitative agreement with the POAM data.
[15] Figure 1 showed significant EPP-NO x at 45 km in 2005, with somewhat less in 2004, primarily during July when HALOE reached its most polar latitudes. Figure 4 shows the winter evolution of NO x inside the polar vortex, from the lower mesosphere to the middle stratosphere, as measured by ACE during 2004 and 2005. The vortex edge on each day was defined in 1-km altitude increments by the algorithm of Harvey et al. [2002] . Because meteorological data are uncertain near the stratopause and higher, measurement locations that were inside the vortex at 40 km were considered inside the vortex at all higher altitudes as well. This figure clearly depicts NO x produced in the mesosphere or higher by EPP (the only wintertime source of polar NO x in the upper atmosphere) descending into the stratosphere. Although the data gap in June complicates the picture, the first EPP-NO x appears to have reached 60 km by mid-May in both years. In 2005, the EPP-NO x evidently descends to at least 30 km, although mixing ratios decrease with decreasing altitude.
[16] It is likely that NO in the upper atmosphere is replenished throughout the winter as more EPP occurs, both through routine precipitation of low to moderate energy particles and through episodic precipitation of higher energy particles associated with solar storms. This would explain the extended period of time during which enhanced NO x is observed to descend from 60 km to the stratopause near 50 km in Figure 4 . In 2004 there was a moderate solar proton event (SPE) on 25 July that might have been responsible for the increase in NO x near 60 km at this time. In 2005 there were several minor SPEs in June and July and a moderate SPE that occurred on 15 May. It is possible that elevated EPP during these events contributed to the observation that significantly more NO x descended into the stratosphere in 2005 than in 2004.
[17] At the present time, the ACE instrument has observed only two SH winters. The POAM instruments, on the other hand, have observed a combined total of 11 winters and can thus be used to look at EPP IE interannual variations. Plots Figure 5 for NO 2 mixing ratios measured by POAM from 1994 to the present, excluding 1997 because no POAM instruments were operational that year. White regions in the plots indicate areas of missing data, either because of lack of measurements or invalid retrievals. The large white regions in POAM II plots below 28 km, for instance, result from interference of polar stratospheric clouds in the NO 2 retrieval. Missing data in the POAM III plots is generally caused by interference of sunspots in the retrievals [Lumpe et al., 2002] . Sunspots also affected POAM II NO 2 retrievals, but their effects could not be quantified because of noise in the sun scans. Background level POAM II NO 2 mixing ratios in June and July, for example, excluding the region of descending NO 2 , appear to be systematically higher than those measured by POAM III. The reason for this is not currently understood, but because of the inability to account for sunspot effects in the POAM II data, and uncertainties in the POAM II/POAM III bias, it would be inappropriate to interpret this as a real trend in background NO 2 levels. As noted above, for instance, the POAM II/POAM III bias was inferred from comparisons of both instruments to HALOE. These comparisons only included data for the relatively high-NO 2 conditions observed during spring to fall (no coincidences occurred during the winter). Thus it is possible that the inferred bias does not pertain to the very low, background NO 2 mixing ratios that occur during the winter in the absence of EPP effects.
[18] The plots in Figure 5 are limited in that POAM is only capable of measuring NO 2 , not NO x , so they cannot be used to quantify the EPP IE. Nevertheless, the POAM data illustrate qualitatively the interannual variability in the EPP IE. In most years, a tongue of enhanced NO 2 is observed to descend from around 40 km in July to 30 km in September. The upper altitude limit of the POAM II (III) retrievals is 40 (45) km, so early winter enhancements at the stratopause are not observed. Also, as shown in Figure 3 , throughout most of the winter, the POAM measurements are at local SR, at which time NO increases rapidly as NO 2 decreases. Most of the upper stratospheric NO x is thus in the form of NO at the POAM measurement locations and times, so even enhanced levels of NO 2 are not significantly higher than the background. This is why the descending tongue of air often appears to start at an altitude of $40 km, rather than extending all the way upward in early winter. Plots of the ACE NO and NO 2 data for 2004 and 2005 (not shown) confirm this behavior: Enhancements that are abundantly evident in the NO data are barely visible in the SR NO 2 data. Stratospheric NO x during the winter is also sequestered in the N 2 O 5 reservoir [Solomon and Keys, 1992] . Therefore the plots in Figure 5 show only a small portion of stratospheric NO y , and NO 2 mixing ratios are often close to the lower limit of retrieval capabilities.
[19] To corroborate the POAM results, Figure 5 also includes a plot of NO 2 mixing ratios from ILAS-II in 2003, its single year of operation. Although the ILAS-II mixing ratios are systematically lower than POAM III NO 2 , they present a qualitatively identical picture. Because POAM measurement times and locations are repeated annually, they provide a consistent, if not comprehensive, view of the EPP IE back to 1994. Like the HALOE data shown in Figure 1 , they suggest largest EPP IE enhancements in 1994, 2000, and 2003 , with significant effects in many other years. The results from these three highest EPP IE years indicate that the EPP-NO x descends to 25 km or lower by October, enhancing the already seasonally increasing NO x mixing ratios at these altitudes.
Quantification of EPP IE Interannual Variability
[20] The results presented above depict a qualitative landscape of the EPP IE in the SH: NO x is created in the mesosphere or thermosphere by EPP, then remains confined at some level in the winter polar region as it descends into the stratosphere where it participates in NO y partitioning. Although not shown here, the EPP IE has been observed not only in NO and NO 2 , but also in other NO y constituents such as HNO 3 [López-Puertas et al., 2005a; Orsolini et al., 2005; Santee et al., 2004; Stiller et al., 2005] . Our goal is to quantify the solar cycle variations in the EPP IE to determine its significance for the global stratospheric NO y budget.
[21] Ideally for this purpose, we would have access to long-term, global measurements of NO y from the stratosphere to the thermosphere during the polar night for an entire solar cycle. Unfortunately, such measurements do not exist. Research level retrievals can be used to derive mixing ratios of the major NO y constituents throughout the polar night in the stratosphere and lower mesosphere from (1994 -1996) and POAM III (1998 III ( -2005 [Vitt and Jackman, 1996 , hereafter referred to as VJ96].
[22] Because HALOE measured NO x from the stratosphere to the thermosphere from 1991 to 2005, it is the best long-term source for quantifying the EPP IE contributions to stratospheric NO y . There are a number of considerations when quantifying interannual variability in the EPP IE using HALOE data [Randall et al., 2001 ; S00]. First, contributions to NO y must be extrapolated from measurements of only NO and NO 2 . Second, as a solar occultation instrument, HALOE measures only at one latitude in each hemisphere on any given day, and never in the polar night region. Third, the latitudes at which HALOE measures vary from year to year, so it is never measuring at the same place and time in two different years (see Figure 2) . Fourth, the highest latitude measurements during the winter sometimes occur at local sunrise and sometimes at local sunset. The last two considerations add significant uncertainty to analyses that seek to compare interannual variations.
[23] S00 were able to compare HALOE NO x profiles from 1991 to 1996 in the low-middle stratosphere because each year the HALOE data included sunset measurements at high southern latitudes during the period 0-4 weeks past equinox. Sunset profiles were used in order to avoid complications of N 2 O 5 formation from NO x , which occurs during the night. The 4-week period after equinox was desired, since by this time, mesospheric air would have descended into the middle and lower stratosphere. Also, vortex air could still be isolated; note that the calculations of S00 did not consider extravortex air. Sunset measurements at high southern latitudes are not available throughout 1997 to 2005 during the early spring period, so the earlier analysis could not be repeated. Nor was there a different period of time when sunset measurements were made at similar latitudes and times throughout the 15 years. Therefore a new method of quantifying interannual variations in the HALOE data was developed, as described next and illustrated in Figure 6 .
[24] The basic procedure involves quantifying the EPP-NO x observed by HALOE at 45 km from the CH 4 /NO x correlation (see Figure 1) , then integrating this both spatially and temporally to derive the amount of EPP-NO x entering the stratosphere annually. The calculations use both local SR and SS measurements. At 45 km, minimal partitioning into N 2 O 5 occurs during the night, so little NO x diurnal variation is observed [Nevison et al., 1996] . Indeed, at this altitude, NO x comprises more than 95% of the NO y budget, so NO x enhancements from the EPP IE are essentially the same as NO y enhancements. Higher altitudes could also have been used, but we conservatively use an altitude where photochemical loss of NO x is not significant [F05] . The assumption is that by the time air has descended to 45 km, EPP-NO x enhancements will be retained in the stratospheric NO y budget and will be available for participation in O 3 chemistry during the spring/summer. Jackman et al. [2005b] noted, for instance, that even in summer, polar NO x has a lifetime of weeks in the upper stratosphere; lifetimes are longer in the winter and at lower altitudes to which the 45-km NO x observed by HALOE descends. Since HALOE data begin in October 1991, and EPP-NO x enhancements at 45 km occur during the winter, the analysis here begins in May 1992.
[25] To quantify the ''excess'' stratospheric NO x resulting from the EPP IE in the HALOE data, it is assumed that deviations from the standard low NO x versus low CH 4 relation in air with CH 4 mixing ratios less than 0.27 ppmv represent EPP-NO x enhancements, consistent with previous work [e.g., Siskind et al., 1997] . To calculate these deviations, a line is first fit to the CH 4 /NO x data at all SH latitudes within a particular time period, restricted to CH 4 mixing ratios greater than 0.27 ppmv. This ''high-CH 4 '' linear fitting is iterated, each time removing those measurements where NO x is below the line, until less than 3% of the measurements lie above the line. This is defined as the threshold line and is then extended to all values of CH 4 . The average residual, or excess, is defined as the average difference between the threshold and observed NO x for all of the data where CH 4 is less than 0.27 ppmv and where NO x is greater than the threshold. We also define a ''max- Figure 6 . NO x SH densities at 45 km from 8 to 22 July (top) in 1993 (left) and 1994 (right). The black line represents the linear least-squares fit to all measurements with CH 4 > 0.27 ppmv. These data points are reproduced in the bottom panels, but as the difference between the measurements and the line in the top panels (represented in the bottom panels as the lower line at zero) extended to all values of CH 4 (dotted). The upper line in the bottom panels represents the threshold value above which ''excess'' NO x measurements lie. The threshold was determined by iteratively performing a least-squares fit on positive residual NO x values for measurements where CH 4 > 0.27 ppmv, until less than 3% of the residuals were positive. Labels in the bottom two panels give the average and maximum difference between the NO x and threshold, for measurements corresponding to CH 4 < 0.27 ppmv.
imum'' excess that corresponds to the average difference between the threshold and the largest 10% of the observed NO x values. The average and maximum differences represent estimates of the amount of EPP-NO x entering the stratosphere during the time period of interest and are thus measures of the magnitude of the EPP IE. These calculations were done both with NO x mixing ratios and with NO x densities, calculated from HALOE pressure and temperature measurements. Relative interannual variations are similar, so we hereafter refer only to the results with densities since this enables calculation of total molecules contributed by the EPP IE.
[26] The procedure is illustrated in Figure 6 . The excess EPP-NO x was calculated in 2-week time periods from 15 May through 15 September, and Figure 6 shows results from the 8 -22 July period in years 1993 and 1994. Because of the rapid latitude excursions in HALOE sampling, 2-week time periods were required to obtain sufficient data for the fitting procedure. Even with this coarse temporal resolution, there were no CH 4 data with mixing ratios greater than 0.27 for the 2-week periods in 2001 centered on 1 July and 1 and 15 August. For these dates only, the CH 4 cutoff for fitting was pushed down to 0.20 ppmv (1 Jul and 1 Aug) and 0.15 ppmv (15 Aug) for the ''high-CH 4 '' fitting, even though this most likely meant including ''excess'' NO x data in the threshold calculation. From Figure 6 , it is clear that the excess calculation procedure is relatively conservative, with some points that qualitatively appear to be ''excess'' falling below the threshold line. Sensitivity tests with different CH 4 cutoff values and with different iteration criteria showed that this method was the best compromise between too many excess values falling below the threshold and too many nominal values falling above the threshold.
[27] Figure 7 shows the results for the 14 years of HALOE data beginning in 1992. Significant EPP-NO x contributions are observed with considerable variability in both magnitude and timing. The highest excess densities are found in 1994, but with a more sharply peaked temporal structure than, for instance, in 2003. Because the excess densities in Figure 7 represent a continual flow of air descending across the 45-km surface, they are at some level indicative of the flux into the stratosphere of molecules arising from the EPP IE. To investigate this quantitatively, we convert the calculated excess densities to partial column densities by assuming that they pertain to a 1-km vertical layer. We further assume that although HALOE sampled only near the vortex edge, the EPP-NO x would span the entire vortex region; this assumption is discussed in more detail below. Thus the partial column densities were linearly interpolated to daily values, then multiplied by the daily area of the polar vortex (Figure 8 ). The vortex area was determined from Met Office data with procedures described by Harvey et al. [2002] . This calculation yields the number of NO x molecules inside the vortex that originated from EPP above. The results as applied to the maximum excess densities measured by HALOE are shown as the gray lines in Figure 7 . Temporal variations in excess molecules are generally similar to variations in densities because variations in the vortex area were relatively smooth, as shown in Figure 8 .
[28] After calculating the instantaneous number of excess NO x molecules inside the vortex as described above, the total EPP-NO x contribution over the winter was calculated by assuming that the 1-km layer at 45 km was replenished every 2.5 days. This is based on an assumed descent rate in the polar vortex at 45 km of 400 m/day, in agreement with F05 and Plumb et al. [2003] . Thus the gray curves in Figure 7 (and corresponding curves representing the average number of molecules, not shown) were integrated in time in 2.5-day increments. The annual EPP-NO x contributions so calculated are shown in Figure 9 for both the average and maximum observed NO x densities, and are also listed in Table 1 . 4. Discussion
Uncertainties in the EPP IE Estimates
[29] Thus far, two different calculations of the EPP IE have been shown, using either the average or the maximum EPP-NO x observed by HALOE at 45 km. This could be considered a measure of the uncertainty in our estimates. We argue here, however, that the more realistic of these results is given by the maximum calculation because the average calculation is likely to significantly underestimate the real contribution.
[30] As shown in Figure 2 , HALOE measurements only skirted the polar region during the SH winter. Therefore the latitude region where EPP-NO x was observed by HALOE was necessarily limited and was generally in the vortex edge region. Harvey et al. [2002] determined that the average vortex boundary near 45 km was located near 45°S during 1991 -2001 in the SH midwinter, which is close to the average latitudes in Table 1 . This will contribute to a systematic low bias in calculations of the EPP IE based on HALOE data because of the following reasons.
[31] First, mixing with extravortex air is more prevalent in the edge region compared with the vortex core. Thus the air observed by HALOE will likely have been diluted with air that is relatively NO x -poor, in which EPP effects would be negligible. Second, sunlight at lower latitudes will cause some photochemical loss in the air descending from above, further diluting excess NO x mixing ratios in the vortex edge region. Therefore NO x is expected to increase from the vortex edge toward the pole. Global MIPAS data described by F05 confirm this expectation, with NO x increasing toward the pole in the uppermost stratosphere in the SH 2003 winter; MIPAS NO x mixing ratios in June-August at 2000 K (near 45 km) were larger by factors of 2 -7 in the vortex core compared to the edge region. Since HALOE did not sample the vortex core, we consider it likely that it was not able to sample the highest excess NO x .
[32] For the reasons stated above, we believe that our assumption that the NO x excess measured by HALOE (at the edge of the polar vortex) is constant throughout the vortex is a conservative assumption. We have further investigated the correlation of the observed HALOE NO x enhancements with equivalent latitude, a vortex-centered latitude coordinate [e.g., Butchart and Remsberg, 1986] . Plots of equivalent latitude versus NO x (not shown) indicate that the enhancements tend to increase as equivalent latitude increases (in the negative direction). Although the HALOE data only reach equivalent latitudes of about À75°, the general character of increasing NO x with increasing (negative) equivalent latitude is apparent in the air with enhanced NO x , whereas just the opposite is true for air without the enhancements. Dynamical considerations suggest that the correlation between NO x and equivalent latitude in the SH is probably similar to the correlation between NO x and geographic latitude, since the vortex tends to be pole centered. This leads to the conclusion that had HALOE been able to observe the pole, it would have seen at least as much NO x as it saw at lower latitudes.
[33] We therefore consider the results based on the maximum values more reasonable than the results based on the average observations. Note that the maximum and average calculations in Table 1 differ on average by a factor of 2.1, consistent with the lower end of the edge-to-pole gradient observed by F05. Unless otherwise stated, the remainder of this section refers only to the maximum calculations.
[34] Another source of uncertainty in the EPP IE calculations shown here is the assumption that vortex air descended across the stratopause with a velocity of 400 m/day. Faster (slower) assumed velocities will result in a larger (smaller) EPP IE, since this will correspond to a larger (smaller) flux across the stratopause. Descent rates in the lowermost mesosphere are poorly known, and it is likely that they will vary from year to year as well as from location to location. As noted above, the descent rate assumed here is consistent with F05 and Plumb et al. [2003] . Orsolini et al. [2005] interpreted MIPAS data as showing descent rates inside the vortex of 300 m/day near 30-35 km; since descent rates increase with increasing altitude, this would suggest that 400 m/day at 45 km is plausible. Lagrangian calculations by Fisher et al. [1993] yielded upper stratospheric descent rates in the SH vortex of 400 m/day. Rosenfield et al. [1994] calculated upper stratospheric descent rates in the Antarctic vortex in July of around 450 m/day, but noted that their calculations were very uncertain because no meteorological data were available this high in the stratosphere. Thus although there is clearly significant uncertainty, we believe that the descent rate assumed here is reasonable.
Comparison With Other EPP IE Estimates
[35] To evaluate the results in Table 1 and Figure 9 , comparisons with other estimates of the EPP IE are discussed here. The year 2003 shows the largest EPP-NO x from 1992 to 2005, at 2.6 GM. This is in good agreement with the F05 estimate of 2.4 GM for 2003. S00 estimated EPP-NO x contributions inside the vortex of about 0.1, 0.3, 0.5, and 0.7 GM, respectively, from HALOE data in years 1992 -1995 (assuming zero contribution in 1996) . These values are significantly smaller than the maximum estimates in Table 1 and Figure 9 , although they do agree well with the average values. F05 noted that more than half of the EPP-NO x was mixed out of the vortex before the final warming in October of 2003. S00 included only vortex air in late September and October in their calculations, which based on F05 probably would have led to underestimating the EPP IE by a factor of 2 or more. Since the polar vortex at 45 km in midwinter is so large, we assume that our calculations capture all of the EPP-NO x entering the stratosphere and are not significantly underestimated by integrating only over the polar vortex area. In addition, the S00 calculations pertained only to the vertical region from about 23 to 32 km. The estimates in the current study include all EPP-NO x molecules crossing the 45-km surface, so they include not only air that descends undiluted from 45 km to the 23-to 32-km region during the winter, but also any air that might have experienced significant mixing and thus lost the mesospheric signature before the late September/ October time frame considered by S00. These considerations, and the good agreement with F05 in 2003, suggest that our estimates of SH EPP-NO x from 1992 to 2005 are reasonable.
EPP IE Correlation With EPP-NO x Production
[36] The magnitude of the EPP IE is determined both by the EPP source and by the efficiency with which the EPP-NO x descends to the stratosphere in darkness. Figure 10 compares interannual variations in the EPP IE inferred here, represented by the maximum EPP-NO x in Figure 9 , to several measures of EPP source intensity. These include SH hemispheric auroral and medium energy electron (MEE) power data derived from NOAA POES satellites (http://www.sec.noaa.gov/pmap/PoesSem.html), and thermospheric NO measurements from the Student Nitric Oxide Explorer (SNOE) [Barth et al., 2003] . The auroral power estimates are based on measurements of energy fluxes carried by electrons and protons with energies between 50 eV and 20 keV and thus represent energy flow into the lower thermosphere. The MEE power estimates are based on measurements of electrons with energies between 30 keV and 2.5 MeV and thus represent precipitation into the upper mesosphere [Codrescu et al., 1997] . MEE power values beginning in 2000 have been multiplied by a factor of 2 to account for calibration differences between the Space Environment Monitor (SEM) -1 and -2 sensors (the sensitivity thresholds for SEM-1 and SEM-2 are different, at 25 and 30 keV, respectively). The data files obtained from NOAA contain orbit-average hemispheric power values and have been averaged over the months of May-July each year. These Figure 10 . EPP-NO x calculated from the maximum NO x residuals as in Figure 9 (dots, solid line, left axis) compared to auroral hemispheric power (top), medium energy electron hemispheric power (middle), and SNOE column NO from 97 to 150 km averaged over the sunlit region poleward of 60°S (bottom). Energetic particle and SNOE data (gray) are averaged over the months of May-July and are referenced to the right vertical axes. Correlation coefficients are given in each panel.
months were chosen since any NO x created in the upper mesosphere or above must remain in the polar night to avoid dissociation as it descends to the stratosphere.
[37] The correlation between the auroral and MEE power and the EPP IE, as represented by EPP-NO x at 45 km, is excellent, with correlation coefficients of 0.88 and 0.85, respectively. The correlation with average vortex area at 45 km from May through July (not shown) is just 0.68. To the extent that vortex area is a measure of confined descent, this suggests that relative interannual variations in EPP-NO x entering the SH stratosphere are determined primarily by the EPP source and less by atmospheric dynamics. If the vortex area at 45 km is reasonably representative of the area over which NO x molecules in the mesosphere are confined, the observation that the correlation with source is stronger than with dynamics is not surprising. Figure 8 shows, for instance, that at 45 km, the vortex was larger than 35 million km 2 throughout the winter in all years. It thus encompassed an area corresponding to the polar cap region extending at least from 50°to the pole, the primary region of auroral and MEE precipitation. EPP generally decreases near the geomagnetic pole, so the assumption that EPP-NO x spans the entire vortex region requires that air near the geomagnetic pole is mixed with surrounding air as it descends. Since mixing ratios of dynamical tracers do not carry any signature of geomagnetic latitude, this is a reasonable assumption.
[38] It is important to note, however, that the assumption of a constant vertical descent in all years could mask interannual variability in dynamical forcing. Thus whereas the correlation between EPP-NO x entering the stratosphere and EPP source is robust, the weaker correlation with dynamical variability is more uncertain. It has recently been shown that in the NH, where the vortex is generally less stable, dynamical variability is at least as important as variability in the EPP source for controlling interannual variability in the EPP IE [Randall et al., 2006] .
[39] Figure 10 also shows the EPP-NO x correlation with thermospheric NO derived from SNOE measurements for the years 1998 -2003. SNOE NO densities are retrieved from limb-scanning measurements of NO fluorescence from the upper mesosphere into the thermosphere, with daily global coverage in the sunlit region. Random uncertainties are around 5% near the 106-km density maximum and increase to 15-20% at 95 and 150 km. We have calculated the average SNOE NO column density from 97 to 150 km for the months of May-July in each of these years, for latitudes poleward of 60°S. This latitude boundary was chosen to exclude significant contributions to NO production from solar UV flux. The results are compared to the EPP-NO x derived from HALOE in the bottom panel of Figure 10 . The correlation coefficient of 0.90 corroborates the results obtained from the hemispheric power data for the 1998 -2003 time period, but with a more direct measurement of the original EPP-NO x source. That the correlations with both auroral and MEE power and SNOE data are so strong unfortunately precludes drawing any conclusions regarding the precise source altitude (for example, mesosphere or thermosphere) of the EPP-NO x . [41] VJ96 also discussed poleward transport of odd nitrogen from lower latitudes as a source of polar odd nitrogen. Although transport estimates in the work of VJ96 are highly uncertain because they are based on an older version of a two-dimensional model, it is likely that transport is a larger polar NO x source than direct N 2 O oxidation in most years (C. Jackman, personal communication). We therefore assume that the transport contribution to polar stratospheric NO x is at least 2 GM per year and, based on VJ96, could be much higher. The average annual NO x budget in the polar region from the three sources discussed here, the EPP IE (0.8 GM), direct N 2 O oxidation (1.7 GM), and meridional transport (>2 GM), is then about 4.5 GM or higher, with an EPP IE contribution of about 18% or less (depending on meridional transport). In years with a large EPP IE, such as 2003 (2.6 GM), the EPP-NO x contribution can represent 40% of the total NO y source in the polar region.
EPP IE Contribution to
[42] The estimates of EPP-NO x derived here are substantially smaller than those simulated by Rz05, who calculated annual stratospheric (19 -48 km) contributions from EPP of 36 (6) GM to the SH (NH) in a year with relatively low EPP (E. Rozanov, personal communication) . EPP-NO x in 2003 inferred from HALOE data in the SH is only about half as large as simulated by Rz05 for the NH. As discussed above, because HALOE never sampled the vortex core, it is possible that our estimates are too low. Agreement with F05 suggests, however, that they are not low by as much as required to bring them into agreement with Rz05. On the other hand, the main effect simulated by Rz05 that led to tropospheric perturbations was a strengthening of the polar vortex due to increased polar NO x and decreased polar ozone relative to that simulated at lower latitudes. Thus the latitude gradient in EPP-NO x is an important factor in determining climate implications. Rz05 found measurable climate effects in the NH even though the total EPP-NO x was just 17% as large as in their simulated SH. The EPP-NO x calculated by Rz05 is distributed globally in such a way that enhancements in polar NO y are a factor of 4 (2) larger than enhancements in tropical NO y in the SH (NH) (E. Rozanov, personal communication) . Future model calculations are required to determine if similar effects would result under a scenario where the total EPP-NO x is constrained to lower values such as determined here and by F05.
Summary and Conclusion
[43] Using data from multiple satellite instruments, we have quantified, for the first time, interannual variations in the SH energetic particle precipitation indirect effect (EPP IE) over more than a solar cycle (1992 -2005) . The EPP IE is defined as the process of NO production in the mesosphere or thermosphere via energetic particles, followed by descent to the stratosphere. Understanding the EPP IE in its entirety requires long-term measurements of polar NO y throughout the winter. Although such observations are lacking, combining solar occultation data from different instruments produces a reasonably complete picture back to 1992, revealing clear signatures of NO x descending from the mesosphere through the stratosphere in most winters.
[44] The amount of NO x produced via EPP (EPP-NO x ) that descends past 45 km each winter has been calculated as a measure of the annual EPP IE. The calculations are based on HALOE data and rely on the assumption that deviations from the standard linear NO x /CH 4 correlation represent EPP-NO x enhancements to the background NO x levels. The estimates also rely on the assumption that maximum NO x mixing ratios sampled at the HALOE measurement location pertain to the entire vortex. Because HALOE does not view the polar night and never samples poleward of 50°S in midwinter, the EPP IE estimates derived here should be taken as conservative.
[45] The largest EPP IE occurred in 1994 and 2003, during the declining phase of solar cycles 22 and 23; we estimate that 1.6 and 2.6 GM of EPP-NO x , respectively, entered the stratosphere in these years. This represents up to 10% of the hemispheric NO y originating from N 2 O oxidation and up to $40% of the polar NO y budget. The smallest EPP IE occurred in 1996 -1997, at solar minimum, and in 2002, near solar maximum. Because the polar vortex was unusually disturbed in 2002 [e.g., Randall et al., 2005b] , it is possible that dynamical conditions led to a lack of IE this year. Nevertheless, it is clear that even ignoring the year 2002, EPP IE variations do not occur smoothly over the solar cycle, nor are the maximum and minimum IE separated by a typical solar cycle period. Thus the EPP IE cannot be consistently referenced to the solar cycle. The EPP IE interannual variability correlated very well, however (correlation coefficient of 0.85 -0.90), with auroral and medium energy hemispheric power, and with column NO measured by the SNOE satellite instrument from 97 to 150 km. As discussed by Kozyra et al. [2006] , the EPP IE variability described here is likely related to the occurrence of high-speed solar wind streams [see also Callis et al., 2002] .
[46] The results here suggest that since 1992, interannual variations in the amount of EPP-NO x transported to the SH stratosphere are probably determined primarily by variations in the EPP-NO x source and less so by variations in transport. This is most likely due to the fact that dynamical conditions are fairly stable in the SH, so the efficiency with which EPP-NO x is transported to the stratosphere does not change significantly from year to year. Note that this is in contrast to the situation in the NH, where dynamical conditions are much more variable. The second largest NH EPP IE on record occurred in 2006, for example, even though EPP was relatively low; the upper stratospheric vortex that year, however, was extraordinarily strong [Randall et al., 2006] . Atmospheric dynamics thus plays a larger role in controlling interannual variations in the NH EPP IE. In both hemispheres, however, the overall magnitude of the EPP IE, as opposed to the year-to-year variability, is controlled by both the EPP activity and efficiency with which the EPP-NO x is transported to the stratosphere. Whether the EPP IE will be influenced by dynamical perturbations caused by a changing climate is an issue warranting further investigation.
[47] We turn finally to the topic of O 3 because the EPP IE has the potential to significantly affect stratospheric O 3 distributions. This has implications for attributing observed O 3 trends, particularly in the upper stratosphere, and possibly for climate [Rz05, Langematz et al., 2005; Sinnhuber et al., 2005] . SH O 3 loss because of the EPP IE has not been quantified in the work presented here, but is clearly significant in some years [Randall et al., 1998; . Whereas enhancements in stratospheric NO x can be inferred from observations near 45 km, O 3 loss will occur throughout the stratosphere as the EPP-NO x is redistributed vertically and horizontally. Dilution of the NO x -rich mesospheric air via mixing further complicates observation-based analyses of O 3 . Thus quantifying contributions of the EPP IE to interannual variations in stratospheric O 3 , and understanding any implications this might have for O 3 trends and climate, requires global, three-dimensional models to separate chemical and dynamical effects. This should be a high priority for future investigations of the EPP IE, and the results in this paper should be used to evaluate and constrain the calculations.
[48] In conclusion, the observations presented here have provided valuable but incomplete information on EPP IE effects on the ozone budget in the stratosphere. What is greatly needed in order to complete the picture of processes controlling ozone and their relevance to climate are (1) coupled chemistry climate models that include energetic particle effects and (2) satellite measurements of NO y , O 3 , and related parameters covering the high latitude stratosphere to the thermosphere throughout the polar winter.
